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In t he  p a s t  twenty y e a r s ,  a l a r g e  e f f o r t  h a s  been made i n  t h e  Uni ted  S t a t e s  t o  
deve lop  commercial c o a l  g a s i f i c a t i o n  technology. I t  has  been observed from exper i -  
menta l  work t h a t  t h e  b e h a v i o r  of c o a l  du r ing  t h e  i n i t i a l  s t a g e s  of c o a l  hea t -up ,  and 
du r ing  a s h o r t  t ime i n t e r v a l  fo l lowing  heat-up, a r e  c r u c i a l  t o  e f f i c i e n c i e s  of gas- 
i f i c a t i o n  processes .  Most carbon ox ides ,  s team,  o i l  and t a r s ,  and s i g n i f i c a n t  por- 
t i o n s  o f  l i g h t  hydrocarbon gases  a r e  evolved du r ing  t h e  i n i t i a l  s t a g e .  
knowledge of t h e  k i n e t i c s  of t h i s  s t a g e  is e s s e n t i a l  t o  optimum r e a c t o r  des ign .  

A d e t a i l e d  

However, as p o i n t e d  o u t  p r e v i o u s l y  (l), most s t u d i e s  have been concerned w i t h  
k i n e t i c  c o r r e l a t i o n s  of t o t a l  methane y i e l d  a f t e r  t h e  c o a l  h a s  d e a c t i v a t e d  t o  a 
r e l a t i v e l y  i n e r t  c h a r .  On t h e  o t h e r  hand, t h i s  p r o j e c t  h a s  been  concerned  w i t h  
r e a c t i o n s  t h a t  t a k e  p l a c e  i n  t h e  r e l a t i v e l y  h i g h l y  r e a c i t v e  i n i t i a l  s t a g e  of t r a n -  
s i e n t  r e a c t i v i t y ,  c a l l e d  " r a p i d - r a t e  methane f o r m a t i o n . "  

Experimental  

D e t a i l s  of t h e  r e a c t o r  system have been p resen ted  p r e v i o u s l y  (1). In b r i e f ,  i t  
is  a 1 . 6  mm d i ame te r ,  60 m long  h e l i c a l  c o i l e d  t r a n s p o r t  r e a c t o r .  Nine p a i r s  o f  
e l e c t r o d e s  a t t ached  a long  t h e  l e n g t h  of r e a c t o r  provide  an energy  source  f o r  h e a t i n g .  
Temperatures i n  t h e  n ine  zones  can be  ad jus t ed  independent ly  t o  provide  c o n s t a n t  o r  
l i n e a r  tempera ture  p r o f i l e s  a c r o s s  t h e  l e n g t h  of t h e  r e a c t o r .  
t o  0.089 mm d i ame te r s )  a r e  e n t r a i n e d  i n  a gas (hydrogen o r  he l ium wi th  less than  0.1% 
s o l i d s  by volume) and passed  through t h e  r e a c t o r .  Gas-solid s e p a r a t i o n  occur s  i n  a 
s i n t e r e d  metal  f i l t e r  (hea ted  t o  300°C) a t  t h e  r e a c t o r  o u t l e t .  L iquids  a r e  condensed 
i n  a series of cooled  t r a p s .  The d ry  gas is ana lyzed  by p e r i o d i c  mass s p e c t r o g r a p h y  
and by continuous flame i o n i z a t i o n .  
e thane ,  and benzene. Proximate  and u l t i m a t e  ana lyses  of c o a l  and cha r s  a r e  d e t e r -  
mined f o r  each run .  Condens ib le  l i q u i d s ,  "heavy hydrocarbons," and s team y i e l d s  a r e  
d i f f i c u l t  to de te rmine  e x p e r i m e n t a l l y  because  a l a r g e  s u r f a c e  a r e a  is a v a i l a b l e  on 
which t h e  small y i e l d  can condense.  
and heavy hydrocarbons a r e  de te rmined  by carbon ba lance .  

Coal p a r t i c l e s  (0 .074 

Gases de t ec t ed  have inc luded  CO,  C02, H2, methane, 

Steam y i e l d s  a r e  determined by oxygen ba lance ,  

I so thermal  t e m p e r a t u r e s  have v a r i e d  from 700 t o  1040 K ,  and r e s idence  t imes  have 
been va r i ed  up t o  13  seconds  (depending on the  t o t a l  gas flow r a t e )  f o r  v a r i o u s  coa l s .  
Maximum tempera ture  f o r  l i n e a r  tempera ture  p r o f i l e s  range  from 700 t o  1140 K f o r  con- 
s t a n t  hea t ing  r a t e s  of 3 0 ,  60 ,  and 80 K/s. A r e a c t o r  i n l e t  t empera ture  of 590 K w a s  
main ta ined  f o r  a l l  c o n s t a n t  h e a t i n g  runs .  T o t a l  o p e r a t i n g  p r e s s u r e s  have ranged from 
18  t o  52 atmospheres;  most runs  have been performed a t  35 a tmospheres .  

The g a s i f i c a t i o n  k i n e t i c s  of a Montana l i g n i t e ,  a Montana subbi tuminous  c o a l ,  a 
North Dakota l i g n i t e ,  two Texas l i g n i t e s ,  and a Utah subbituminous c o a l  have been 
i n v e s t i g a t e d .  The i r  proximate  and u l t i m a t e  ana lyses  a r e  inc luded  i n  Table 1. Anal- 
y s e s  of coa l s  i n v e s t i g a t e d  i n  o t h e r  s t u d i e s  (2 ,  3) are a l s o  inc luded .  The i r  g a s i f i -  
c a t i o n  behavior w i l l  b e  d i s c u s s e d  in terms of t h e  model cons t ruc t ed  from t h e  d a t a  
ob ta ined  from t h e  mass t r a n s p o r t  r e a c t o r .  

1 
e 
1. 

* Deceased. 
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Typica l  Resu l t s  

Typ ica l  r e s u l t s  f o r  h y d r o g a s i f i c a t i o n  of c o a l s  i n  t h e  mass t r a n s p o r t  r e a c t o r  
h a v e  been r e p o r t e d  e l s e w h e r e  (1). Due t o  t h e  volume of d a t a  c o l l e c t e d ,  o n l y  t h e  ten- 
t a t i v e  model f o r  y i e l d s  of oxygenated s p e c i e s  w i l l  b e  d i s c u s s e d  i n  t h i s  pape r .  
f o r  c o a l  hydrogen e v o l u t i o n  have  been  t e n t a t i v e l y  proposed and w i l l  b e  p r e s e n t e d  a t  
a la te r  d a t e .  

Models 

Previously ( 4 ) ,  t h e  e v o l u t i o n  of oxygen-containing s p e c i e s  d u r i n g  r a p i d - r a t e  
methane formation and d e v o l a t i l i z a t i o n  have been modeled by assuming t h a t  a set of 
r e a c t i o n s  occurs  to l i b e r a t e  each s p e c i e s .  Each s e t  of r e a c t i o n s  w a s  r ep resen ted  by 
a f i r s t - o r d e r  rate e q u a t i o n ,  b u t  t h e  r a t e  c o n s t a n t  had a cont inuous d i s t r i b u t i o n  o f  
a c t i v a t i o n  ene rg ie s .  However, evolved s p e c i e s  can a r i s e  by d i f f e r e n t  pa ths .  Data 
s c a t t e r i n g  and t h e  narrow band of a c t i v a t i o n  e n e r g i e s  p rev ious ly  used t o  f i t  t h e  d a t a  
a l low a s impl i fy ing  a s sumpt ion  t o  b e  made - namely, t h a t  t h e  fo rma t ion  o f  each s p e c i e s  
by each rou te  can be r e p r e s e n t e d  by a s i n g l e  r a t e  e q u a t i o n  c o n t a i n i n g  a s i n g l e  
e f f e c t i v e  a c t i v a t i o n  energy.  Thus, t h e  fol lowing o v e r a l l  model can be used t o  f i t  
t h e  d a t a :  

ni = C bn. .xi  . 1) 
i , j  1 . 3  7 1  

where - 

n .  = t o t a l  amount of s p e c i e s  i formed (g-atom o f  i lg-atom of f eed  carbon)  

An. , = maximum amount of s p e c i e s  i t h a t  can b e  formed by r o u t e  j (g-atom of i lg-atom 
I*’ feed carbon)  

x .  = f r a c t i o n  of i conver t ed  by r o u t e  j a t  any t ime such t h a t  - 
1.j 

where - 

and - 

= r a t e  c o n s t a n t  € O K  t h e  f irst  o r d e r  r e a c t i o n  f o r  fo rma t ion  of s p e c i e s  i by r o u t e  
ko. 1, j j ,s-’ 

ko: = pre -exponen t i a l  f a c t o r  f o r  t h e  f i r s t - o r d e r  r a t e  equa t ion  f o r  t h e  formation 
i , j  of s p e c i e s  i by r o u t e  j 

Ei . >I = a c t i v a t i o n  energy f o r  formation of s p e c i e s  i from t h e  c o a l  by r o u t e  j .  

From these  assumptions and r e l a t i o n s h i p s ,  t h e  f r a c t i o n  o f  s p e c i e s  i formed can 
be expressed as - 

1 - x .  . = exp [- J e  ko: exp (-Ei . /RT) dY 
9 1  

0 l , j  1.1 
3 )  
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f o r  i so the rma l  conve r s ion ,  and 

f o r  a c o n s t a n t  heat-up ra te  c o n d i t i o n ,  where pa rame te r s  are de f ined  as above and - 

Tf = maximum tempera tu re  o f  t h e  c o i l  r e a c t o r ,  K 

To = e n t r a n c e  t empera tu re  of t h e  r e a c t o r ,  K 

a = heat-up r a t e  of c o a l ,  K / s  

F i g u r e  l a  r e p o r t s  t h e  carbon d i o x i d e  (C02) fo rma t ion  and t o t a l  carbon ox ides  
formation as a f u n c t i o n  o f  maximum tempera tu re  under cons t an t  heat-up and i so the rma l  
c o n d i t i o n s  f o r  Montana and North Dakota l i g n i t e s  g a s i f i e d  i n  hydrogen.  The t o t a l  
carbon ox ide  y i e l d s  i n c r e a s e  wi th  i n c r e a s i n g  maximum temperature .  CO2 formation i s  
cons t an t  up t o  920 K and then  d e c r e a s e s  w i t h  an  i n c r e a s e  i n  maximum tempera tu re  due 
t o  t h e  water-gas  s h i f t  r e a c t i o n .  
755 K ,  and when c o r r e c t e d  f o r  s h i f t ,  remains c o n s t a n t  a t  h ighe r  t empera tu res .  Th i s  
y i e l d ,  n 

The pr imary Cog y i e l d  i n  hydrogen occur s  below 

H2, can be expres sed  from Equat ion 1 as - 
C@2 

where xco = 1 f o r  t empera tu res  above 755 K. 
2,O 

The t o t a l  carbon ox ides  formed i n  hydrogen a r e  t h e  sum of t h e  CO and C02 formed. 
Thus, from Equat ion 1, t h e  t o t a l  carbon o x i d e s  formed i n  hydrogen can  be expres sed  
a s  - 

2 + nCO 6) 
= n  H 

"CO + co2 c02 

CO formation appea r s  t o  be d e r i v e d  from one r o u t e  and t h e  d a t a  can b e  f i t t e d  u s i n g  
Equations 3 ,  4 ,  and 6 .  The s o l i d  l i n e s  i n  F igu re  1 r e p r e s e n t  such a f i t  f o r  i so -  
thermal c o n d i t i o n s  ( l i n e  1) and cons t an t  heat-up c o n d i t i o n s  ( l i n e  2 ) .  

The t o t a l  carbon ox ides  and carbon d i o x i d e  y i e l d s  f o r  t h e  Montana l i g n i t e  i n  
helium a r e  shown i n  F igu re  l b .  Both carbon d i o x i d e  and t o t a l  carbon ox ides  i n c r e a s e  
with i n c r e a s i n g  temperature .  
two pa ths .  
second p a t h  is assumed t o  b e  a f i r s t - o r d e r  r e a c t i o n .  
be expressed a s :  

In hel ium, CO2 fo rma t ion ,  nCo2He, appea r s  t o  occur  by 

Thus,  t o t a l  C 0 2  fo rma t ion  can  
One path i s  d e s c r i b e d  by t h e  model f o r  C 0 2  formation i n  hydrogen; t h e  

"C02H2 + % O 2 , l  xc@2.1 H e  = 
CO2 7) 

where nCO2"2 has  been d i s c u s s e d  and Anco2,1 X C O ~ , ~  can be eva lua ted  from t h e  d a t a  
us ing  Equat ions 3 ,  4 ,  and 6.  CO fo rma t ion  appea r s  t o  be t h e  same in helium and i n  
hydrogen. Thus,  t h e  t o t a l  carbon oxide fo rma t ion  in helium can be expres sed  as: 

The s o l i d  l i n e s  i n  F igu re  l b  r e p r e s e n t  solutions t o  Equat ions 3 ,  4 ,  7, and 8.  



Steam fo rma t ion  can b e  t r e a t e d  i n  t h e  same g e n e r a l  manner as carbon ox ides  fo r -  
ma t ion ,  b u t  d a t a  must b e  c o r r e c t e d  f o r  t h e  s h i f t  e f f e c t .  Th i s  is done by assuming 
t h a t  primary Cog y i e l d  i n  hydrogen i s  c o n s t a n t  above 750 K and t h a t  d i f f e r e n c e s  be- 
tween t h e  amount formed by  primary g a s i f i c a t i o n  and t h e  amount measured are equiva- 
l e n t  t o  t h e  amount o f  steam formed by t h e  s h i f t  r e a c t i o n .  The steam y i e l d s  f o r  
Montana and North Dakota l i g n i t e s  i n  hel ium are p l o t t e d  i n  F i g u r e  2 a ,  and c o r r e c t e d  
y i e l d s  f o r  t h e  t w o  c o a l s  i n  hydrogen a r e  p l o t t e d  i n  F i g u r e  2b. A s p e c i f i c  amount o f  
s t eam i s  formed by one r o u t e  below 750  K. T h i s  " in s t an taneous"  y i e l d  can  b e  modeled 
s imi la r  t o  CO2 fo rma t ion  below 750 K .  Th i s  steam y i e l d  can b e  d e s i g n a t e d  nH20,0. 
a d d i t i o n a l  amount of s t eam is formed i n  he l ium by a n o t h e r  r o u t e  above 750 K ,  such 
t h a t  t h e  t o t a l  steam y i e l d s  i n  he l ium,  nHZoHe, a r e  d e s c r i b e d  by - 

An 

He = '"H 0 , o  XH 0 , o  + An H20,1 X H 2 0 , 1  9)  
2 2 

The l i n e s  drawn i n  F igu re  2a were based on t h e  s o l u t i o n s  of Equat ions 3 ,  4 ,  and 9 .  
Assuming t h a t  d e v o l a t i l i z a t i o n  i s  t h e  same i n  hydrogen as i n  hel ium, i t  can be seen  
from F igure  2b t h a t  an  a d d i t i o n a l  amount of steam fo rma t ion ,  b e s i d e  t h a t  p r e d i c t e d  
by Equation 9 ,  o c c u r s  i n  hydrogen.  The amount of oxygen i n  t h e  a d d i t i o n a l  steam i s  
e q u a l  t o  the amount o f  oxygen i n  t h e  i n c r e a s e d  CO2 y i e l d  i n  hel ium. Thus, i n  hydro- 
gen,  a c e r t a i n  f r a c t i o n  of coal-oxygen is evolved a s  steam by a n  assumed f i r s t - o r d e r  
r e a c t i o n  t h a t  i n h i b i t s  C 0 2  fo rma t ion ,  which would o t h e r w i s e  occur  i n  an i n e r t  atmo- 
s p h e r e .  Again t h e  a d d i t i o n a l  steam y i e l d  is modeled by a f i r s t - o r d e r  r a t e  e q u a t i o n ,  
and t h e  t o t a l  steam y i e l d  i n  hydrogen can b e  modeled by - 

10 1 

The s o l i d  l i n e s  i n  F i g u r e s  2a and 2b a r e  s o l u t i o n s  t o  Equat ions 3 ,  4 ,  9 ,  and 10 f o r  
t h e  d i f f e r e n t  c o a l s  c o n s i d e r e d .  

The t o t a l  oxygen evo lved  from c o a l  can  be e s t i m a t e d  as t h e  sum of oxygen evolved 
as C O ,  CO2, and H20. Curves f o r  p r e d i c t e d  coal-oxygen e v o l u t i o n  f o r  t h e  Montana and 
North Dakota l i g n i t e s  i n  hydrogen under i s o t h e r m a l  and c o n s t a n t  heat-up c o n d i t i o n s  
a r e  included i n  F i g u r e  3a.  Actual  d a t a  a r e  a l s o  r e p o r t e d  t o  show t h e  c l o s e  f i t .  A 
similar p l o t  of oxygen y i e l d  a s  a f u n c t i o n  o f  t empera tu re ,  shown i n  F i g u r e  3b,  r e -  
v e a l s  t h a t  t h e  model developed f o r  oxygen e v o l u t i o n  i n  he l ium f i t s  t h e  d a t a  f o r  
he l ium g a s i f i c a t i o n  o f  a Montana l i g n i t e .  

Table  2 l ists  t h e  k i n e t i c  parameters  t h a t  were used t o  g e n e r a t e  t h e  s o l i d  l i n e s  
i n  F igu res  1 through 3. Note t h a t  t h e  pa rame te r s  are n o t  l i s t e d  f o r  t h e  " i n s t a n t a -  
neous" formation o f  C 0 2  and steam (below 750 K) because  rate d a t a  were n o t  ob ta ined  
a t  t h e s e  t empera tu res .  

T a b l e  2 .  KINETIC PARAMETERS FOR EVOLUTION OF 
OXYGENATED SPECIES FROM COALS 

V o l a t i l e  
Component 

nC02, 1 

" H 2 0 , l  

"H20,2  

"CO 

Pre-Exponent ia l  F a c t o r  A c t i v a t i o n  Energy 
koa, E (kcal /mol)  

2.0 x l o 5  27.83 

5.42 x lo9  38.89 

6.45 x l o 9  44.98  

5.47 x l o 5  25.80 
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The e v o l u t i o n  of CO,  CO2,  and H20 can be c o r r e l a t e d  w i t h  c o a l  rank.  The p l o t s  
of maximum v o l a t i l e  y i e l d s  i n  hydrogen of CO, CO2, and H20. expressed as g-atom oxy- 
gen y i e l d  p e r  g-atom feed  ca rbon ,  v e r s u s  c o a l  r ank  ( expres sed  as g-atom oxygen p e r  
g-atom carbon i n  t h e  r a w  c o a l ) ,  a r e  approximately s t r a i g h t  l i n e s  ( F i g u r e  4 ) .  These 
y i e l d s  a r e  c l o s e l y  r e l a t e d  t o  va r ious  f u n c t i o n a l  groups i n  t h e  c o a l .  Fo r  example,  
COP c o r r e c t e d  f o r  s h i f t  can be shown to  have t h e  fo l lowing  r e l a t i o n s h i p :  

(5) = G f o r  n <0.1 11) 
= "carboxyl  0 

An = 0.4 (noo - 0.1) f o r  noo 3 0 . 1  12)  
CO2 

where - 

= maximum C 0 2  y i e l d  (g-atom oxygen/g-atom o f  feed carbon)  
COZ 

On 

n o  = t o t a l  oxygen i n  raw c o a l  (g-atom O/g-atom carbon)  

ncarboxyl = t o t a l  ca rboxy l  oxygen i n  r a w  c o a l  (g-atom O/g-atom c o a l  C). 

Steam y i e l d s  can b e  expres sed  as - 

(5) = 0.65 (noo)  f o r  noo 5 0 .23  AnHZO = nhydroxyl 

An = 0 . 1 3  + 2 (noo - .23) f o r  n 2 0.23  
H20 

where - 

AnH 0 = maximum steam y i e l d  (g-atom O/g-atom feed  carbon)  

"hydroxyl  

2 
= hydroxyl  oxygen i n  r a w  c o a l  (g-atom O/g-atom c o a l  carbon)  

Carbonyl oxygen forms CO e x c l u s i v e l y ,  as can b e  seen  i n  t h e  fo l lowing  c o r r e l a t i o n s :  

ncarbonyl(5) = 0.32 (noo - 0.1) n > 0 .1  

= 0 .31  (noo - 0.1) noo > 0.1 

15 ) 

16 1 An co 

where - 

= maximum CO y i e l d  (g-atom O/g-atom feed carbon)  co An 

ncarbonyl 
= ca rbony l  oxygen i n  feed c o a l  (g-atom O/g-atom feed  ca rbon) .  

Thus,  i t  appea r s  t h a t  v o l a t i l e  y i e l d s  c o n t a i n i n g  oxygen can  b e  e s t i m a t e d  from a 
s i n g l e  parameter :  c o a l  rank expressed as t h e  O/C r a t i o .  

Using t h e  above model and t h e  maximum y i e l d s  of i n d i v i d u a l  p roduc t s  measured f o r  
each c o a l ,  y i e l d s  a t  t h e  v a r i o u s  maximum tempera tu res  can be p r e d i c t e d  w i t h  t h e  a i d  
of Equat ions 1-10. 
I l l i n o i s  No. 6 bi tuminous c o a l  ( 2 )  and p y r o l y s i s  o f  a l i g n i t e  and P i t t s b u r g h  N O .  9 
bituminous Coal ( 3 ) .  

These models a l s o  p r e d i c t  behav io r  f o r  h y d r o g a s i f i c a t i o n  o f  a 



Figure 5 p r e s e n t s  a comparison of t h e  p r e d i c t e d  t o t a l  oxygen y i e l d s  from Equa- 
t i o n  1-10 and t h e  a c t u a l  expe r imen ta l  y i e l d s  f o r  t h e  v a r i o u s  c o a l s  g a s i f i e d  under a 
v a r i e t y  of c o n d i t i o n s .  S i m i l a r  p l o t s  f o r  carbon ox ides  i n  hydrogen, carbon ox ides  
i n  helium, steam i n  hydrogen,  and s team i n  hel ium, can b e  made. The c o r r e l a t i o n s  
a r e  adequate  i n  p r e d i c t i n g  y i e l d s  of oxygenated s p e c i e s  f o r  given t empera tu re  h i s -  
t o r i e s  i n  most c a s e s .  

I n  summary, even though t h e  h y d r o g a s i f i c a t i o n  i s  n o t  completely understood,  i t  
can b e  seen t h a t  s i g n i f i c a n t  s t r i d e s  have been made i n  i d e n t i f y i n g  i n d i v i d u a l  reac-  
t i o n  paths  t h a t  c o n t r i b u t e  t o  t h e  g a s i f i c a t i o n  phenomena. 
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